Recent bacteriologic studies have shown that the bronchial secretions of human beings are usually sterile in the absence of evident bronchopulmonary disease (1) (2) (3) . However, bacterial contamination of the bronchi by inspired air, and perhaps by upper respiratory tract secretions, can be considered to be a common occurrence. For example, when radiopaque media are instilled into the pharynges of sleeping individuals, radiopacity can often be detected in the lungs afterward (4) . Thus, the absence of bacteria in the bronchi suggests that potent antibacterial mechanisms are continuously operative (3) .
The capacity of bronchopulmonary tissue to dispose of foreign materials, including bacteria, has been recognized for many years. Stillman (5) and Hamburger and Robertson (6) observed that pneumococci disappeared from the peripheral portions of the lungs of mice and dogs within a few hours after sprays of pneumococci had been instilled. On the other hand, oropharyngeal commensals and potential respiratory pathogens can be isolated from the bronchial secretions of patients with chronic bronchitis during relatively quiescent periods in their disease, i.e., in the absence of increased symptomatology and signs of infection (3) . The bacteria that are found in such secretions are usually present in numbers exceeding 106 colonies per milliliter of secretions (3) . Such a finding implies impairment of the antibacterial mechanisms of the respiratory tract in chronic bronchitis and indicates the need for further study of the mechanisms by which the * Submitted for publication October 17, 1963 ; accepted December 19, 1963. Aided by grants from the National Institutes of Health, U. S. Public Health Service (AI 3901), and the New York Tuberculosis and Health Association. bronchopulmonary system retains its sterility. Presumably, insight into such mechanisms would provide a basis for understanding better the pathogenesis of chronic bronchopulmonary infection.
The present study was designed to investigate the quantitative implantation and clearance of aerosolized bacteria in the lungs of small animals. Many early experiments with airborne contagion employed coarse sprays and systems that were difficult to quantitate. Precise aerosol-exposure systems were introduced by Wells, who demonstrated that droplet nuclei play a key role in the aerial transmission of disease (7, 8) . Bacteria in minute-dried residues of evaporated droplets live suspended in air for hours, and in this state they are inhaled and deposited in pulmonary tissue., Aerosol devices were further developed in large-scale cloud chamber studies (9) . Lurie, Heppleston, Abramson, and Swartz (10) and Middlebrook (11) also adapted these techniques to the experimental production of pulmonary tuberculosis. Most of the experimental equipment for such studies is complex and costly. This report describes an inexpensive, compact aerosol exposure system that offers a relatively simple method for the deposition of predictable numbers of bacteria in the lungs of small animals and the quantitative study of the clearance of bacteria from the respiratory tract.
Methods
The exposure apparatus is illustrated in Figure 1 . An aerosol is generated by a nebulizer which contains bacteria in a liquid suspension. The aerosol is then drawn into a large air volume in which the liquid particles are rapidly dried and carried to the experimental animals. The effluent is discarded after being passed through bacterial filters. Since a failure of the blower while the aerosol generator is in operation might result in the escape of organisms into the laboratory, a safety valve is installed in the compressed air line to the nebulizer. The solenoid valve is activated by a pressure switch connected to a pressure tap located upstream from the main system. The valve is normally open when flow through the exposure chamber is adequate. However, when the secondary airflow decreases, the valve closes and diverts the air from the upstream compressor away from the nebulizer. As a further precaution all joints between sections of the test apparatus are reinforced with rubber tubing and sealed with hose clamps or electrical tape. Ultraviolet lights are installed in the laboratory to disinfect the room air. If pathogenic bacteria are being aerosolized, the aerosol-generating apparatus and exposure chamber may be housed in a gloved box made of plexiglass.
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Preparation of bacterial stuspensionl
The organism used was a coagulase-positive strain of Staphylococcuts autreus (FDA 209P, type 42D). White Swiss mice weighing 20 to 25 g were exposed to aerosols of this organism, and the numbers of bacteria in the nebulizer suspensions, exposure chamber air, and lungs of the animals were determined. By reference to the growth curve for this strain of bacteria, it was possible to decide on a procedure that would insure a reproducible concentration of bacteria in the suspension for the nebulizer. A loopful of bacteria from an agar slant was inoculated into 100 ml of nutrient broth. The broth was incubated for 12 hours at 370 C in an agitated water bath. A loopful of the broth culture was then inoculated into a second flask of broth, and the 12-hour growth in the second flask was used to prepare the nebulized suspension. A few experiments were done with broth dilutions of the bacteria, but most experiments were carried out with suspensions of staphylococci in 0.1 M potassium phosphate buffer (pH 7.3). Twenty-ml vol of broth cultures containing 1-2 X 109 staphylococci per ml were centrifuged at 6,000 rpm for 20 minutes in an anglehead centrifuge. The supernatant liquid was poured off, and the sedimented bacteria were washed with 10 ml of buffer. The bacteria were then resuspended in appropriate amounts of buffer, and 6 ml of the buffered suspension of bacteria was placed in the reservoir of the nebulizer.
General operation and experiments
When mice are exposed to rapid air currents, they have a tendency to huddle and cover their external nares. To circumvent this, each mouse was placed in a small rubber mesh envelope. The borders of the mesh were stapled together, and care was taken to make the envelopes large enough so that respirations were not restricted. At the end of each run the stapled borders could be easily pulled apart, and the mice removed quickly. The mice were placed in the mesh envelopes 1 hour before each run. After 45 minutes they were placed in the exposure chamber, and the air blower was turned on. Fifteen minutes later the nebulizer was started, and the flow rates into the neubulizer and through the chamber were adjusted. The exposure period for most runs was 30 minutes. At the end of this time, the nebulizer was turned off, and the flow through the main system was increased to 15 cubic feet per minute. A period of 10 seconds was allowed to elapse to effect one complete change of air in the parts upstream from the exposure chamber; then the upstream end of the exposure chamber was opened, and the mice were removed. The high flow rate was maintained for 10 minutes longer to clear the apparatus and to prepare it for another run.
Immediately after the mice were removed, they were killed by clamping the tracheae externally with hemostats. This method was used to prevent agonal aspiration of pharyngeal contents. The animals were then immersed in a 1: 1,000 solution of aqueous benzalkonium chloride for 10 minutes to decontaminate their coats. The lungs were removed aseptically and homogenized in high speed glass homogenizers containing samples of nutrient broth. The tissues that were homogenized included the lungs and all intrapulmonary bronchi; the trachea and proximal portions of the main stem bronchi were excluded. Pour plates of nutrient agar were made with dilutions of the bacterial suspensions and of the homogenates. These were incubated at 37°C for 24 hours, and the colonies were counted in the usual manner. Bacterial retention (and clearance) was determined by counting the numbers of bacteria in the lungs of mice sacrificed at 1-, 2-, 3-, 4-, 6-, 8-, 10-, 12-, and 24-hour intervals after exposure.
The bacterial content of exposure chamber air was determined by collecting multiple air samples at the rate of 0.1 cubic feet per minute in midget samplers,4 containing 10 ml of phosphate buffer and 2 drops of sodium alginate (14) . Colony counts were performed on the samples of air obtained in this manner.
Histologic sections were made of the lungs of mice at the designated times after exposure to bacterial aerosols. The lungs were fixed in buffered formalin and stained by standard methods.
Definition of terms
Nebulizer concentration. The number of bacteria per milliliter of diluent in the nebulizer before nebulization.
Loading concentration. The calculated number of bacteria per cubic foot of air aerosolized from the nebulizer suspension. It is determined on the basis of the volume of nebulizer fluid used during the exposure period, diluted with 5.5 cubic feet of air per minute. Exposure chamber aerosol concentration. The number of bacteria per cubic foot of exposure chamber air. This is derived from the numbers of bacteria collected in the fluid of the air samplers and corrected for the volume of air sampled.
Inttaled numiber. The calculated number of bacteria inhaled by each mouse. This is determined by the formula The bacterial content of lungs and intrapulmonary bronchi was measured as the number of colonies of viable bacteria in the lungs at the end of the exposure period. It represents the total number deposited in the lungs minus the unknown number of deposited organisms that were killed or cleared during the exposure period. An additional number of bacteria, present in the smallest aerosol particles, can be presumed to have been inspired and expired again without deposition.
Results
Aerosol studies. The suspension of staphylococci in buffer was superior to that in broth for purposes of the present studies. In the buffer, the concentration of staphylococci remained constant to within 1.0% over a 2-hour period at room temperature. During aerosolization there was a maximal increase of 0.5 %o in bacterial numbers in the buffer suspension that remained in the nebulizer reservoir. The concentration of staphylococci in broth was more variable, and bacterial multiplication was often observed. Foaming was barely visible in the buffer solution, but was obviously substantial with broth. During 30 minutes of nebulization a mean volume of 3.8 ml + 0.02 ml of buffer suspension was used (range, 3.0 to 4.3 ml). The broth mixture went through much more rapidly, so that it was usually necessary to refill the reservoir of the nebulizer after 15 minutes. The concentration of bacteria in aerosols generated from buffer mixtures was higher than in those produced from broth suspensions (Table I) The numbers of staphylococci found in the lungs of mice killed after 30 minutes of exposure to aerosols generated from various concentrations of bacteria in the nebulizer are shown in Figure 3 . A linear relationship exists between the log numbers of bacteria in the nebulizer and the log numbers of staphylococci in the chamber, for nebulizer concentrations of 3 X 106 to 2 X 109 bacteria per ml. In other studies, mice exposed to buffer-generated aerosols had consistently more bacteria in their lungs than those exposed to brothgenerated clouds containing similar numbers of organisms. Figure 4 shows the relationship of staphylococcal numbers in the nebulizer to the numbers in the exposure chamber air and in the murine lungs. Thus, the numbers of bacteria in the nebulizer, the aerosol, and the lungs are di- rectly related to one another; the bacterial concentrations in the air and in the lungs rise in linear fashion in response to increasing concentrations of bacteria in the nebulizer.
The numbers of staphylococci in the lungs of the mice were determined at different time intervals during a 30-minute exposure to buffergenerated aerosols, and the results are shown in Figure 5 . There is a constant rate of increase in the numbers of bacteria in lungs during the exposure period, but the numbers of bacteria found after 30 minutes are less variable than the numbers after shorter exposure periods. The numbers of staphylococci inhaled by the mice during the exposure period can be calculated, and from this the percentage of bacteria retained at the end of 30 minutes of exposure can be derived (Table  II) . The percentage of inhaled bacteria found in mouse lungs is relatively low: 10% at an air concentration of 2.0 x 107 staphylococci per cubic foot, and 36% at a concentration of 1.3 x 105 staphylococci per cubic foot of air. Although the latter figure is not corrected for the amount of bacterial killing that must have occurred during the 30-minute exposure time, at the higher concentrations of organisms the efficiency of deposition is somewhat impaired.
The numbers of viable bacteria remaining in the lungs of mice were studied at intervals following the 30-minute exposure period, and the data are given in Tables III and IV. The numbers of bacteria retained in the lungs are expressed as the proportion of the numbers found immediately after exposure in animals exposed simultaneously. Figure 6 shows the clearance curve constructed from these data. Within 1 hour after the termination of exposure to the aerosol, the lungs were cleared of 43%o of the bacteria that were present at the end of the exposure period. After 2 hours, 68%o of the bacteria were cleared; at 3 hours, 82%; and at 6 hours, 95% of the bacteria were cleared from the lungs of mice.
Routine histologic sections of the lungs after 30 minutes of exposure and at hourly intervals thereafter showed no evidence of pneumonia. The staphylococci could not be identified in ordinary histologic preparations. The only significant morphologic changes that were noted consisted of focal areas of increased septal cellularity composed largely of polymorphonuclear leukocytes. The presence or degree of this finding could not be correlated with the length of time fol- Thus, for example, from the counts of bacteria, the mean and its standard error are computed (Table IV) The "within variance" listed in Table IV variation among at a given time. (16) . The larger particles settle out on the surfaces in the vicinity of their source, but finer droplets persist as bacterial cells attached to small amounts of dried organic matter (17, 18) . These are referred to as droplet nuclei, and in this state the bacteria may remain viable for hours.
The method herein presented provides a simple and reproducible technique for the study of infection of the respiratory tract through the use of aerosol techniques. The apparatus produces clouds with a high bacterial content which remains constant over a 30-minute period and which results in the implantation of high numbers of organisms in the lungs of mice. The numbers of bacteria found in the murine lungs immediately after 30-minute exposure periods is dependent on bacterial numbers in the air. However, 10%7 of the inhaled bacteria was retained at 2.0 X 107 staphylococci per cubic foot of exposure chamber air, whereas 367o was retained when the air dose weas 1.3 X 105 per cubic foot. It is probable that, at high air concentrations, bacterial agglomerates form when air passes through the mouth or nares and that these large aggregates are filtered out in the upper respiratory tract.
The decrease in the numbers of bacteria in the lungs of mice during the postexposure period demonstrates that the antibacterial activity of the lower respiratory tract is effective and rapid. Under the conditions of these studies bacterial clearance is predictable over a wide range of bacterial deposition. In this context, the term clearance refers to the process by which deposited bacteria become nonviable in the lungs or are removed from pulmonary tissue. In either case, clearance is used as an index of the total antibacterial activity of the lung.
The within and between variances and the standard error can be used to analyze the source of variability in the data. The over-all between variance is slightly smaller than the within variance, and it can therefore be suggested that the proportions of staphylococci cleared at a given time are not significantly different from run to run. Thus, the aerosol concentration has no detectable effect on the proportion of bacteria cleared within the ranges of the concentration studied. This fact argues that the major source of the antibacterial activity lies within a system or systems that have not approached saturation. The reproducibility of the clearance curves makes it possible to quantitate the effects of various circumstances on bacterial clearance, and studies demonstrating the adverse effects of various environmental circumstances have been undertaken in this laboratory.
Although the mucociliary stream is traditionally considered to be the main source of antibacterial activity in the lung, the size of the droplet nuclei generated in the present aerosol suggests that cells more distal to the bronchi may be involved in the mechanism. Unfortunately, relatively little is known about the rate of deposition of particles in alveoli of the size found in the broncho-alveolar system of the mouse. Hartroft (19) has studied the murine lung and shown that the alveolar dimensions are I to I those of the human lung. The alveolar orifice in mice measures approximately 35 u in diameter, the alveolar depth is approximately 40 /%, and the width is estimated as 38 ,4 on the average. From these data, it would appear that the particle size and air space relationships are sufficient to suggest that there is no barrier to the entry of bacteria into alveoli, where their removal would involve the activity of alveolar macrophages. However, direct study to test this hypothesis is essential. The confirmation of this view would focus special attention on the functional activity of alveolar macrophages in contrast to the activities of the mucociliary stream. Summary An apparatus is described that allows the administration of predictable numbers of aerosolized bacteria to small animals. When staphylococci are nebulized from a phosphate buffer into the system described, with mice as the recipient animals, a linear relationship is established among bacterial concentrations in the buffer, bacterial concentrations in the air, and numbers of bacteria retained in the lungs of mice. After 30 minutes of exposure, colony counts in the range of 5-10 X 104 are found in the lungs of the mice. The bacteria disappear rapidly in the postexposure period, so that within 6 hours, 95% of the organisms that were originally found have disappeared. The pattern of clearance is quantitative and predictable, and the variation is surprisingly small. The size of the droplet nuclei generated in this apparatus suggests that a large share of the bacteria were deposited distal to the bronchial tree and thus raises the possibility that the antibacterial mechanisms which are responsible for the clearance of the bacteria may involve primarily the alveolar cells.
